Based on the traditional principle of two-line voltage synthesis, a modulation strategy is proposed to improve the output performance of matrix converter by changing the switching mode. According to the switching mode of the new strategy, under the premise that the input current and output voltage are sinusoidal, the modulation time of each switch of the matrix converter in one cycle is derived from the relationship between input and output current and voltage. Under the same conditions, the proposed modulation strategy is compared with the traditional two-line voltage synthesis strategy, and the corresponding simulation data and some experimental waveforms are given. Based on the research of MATLAB software simulation, the control strategy of the dSPACE hardware real-time simulation platform is experimentally studied. The simulation and experimental results verify the correctness of the modulation strategy.
two maximum input line voltages are used to synthesize output line voltages, but the harmonic content is larger [16] , [17] . In addition, when the output voltage is low, due to the existence of a large number of narrow pulses, the harmonics in the output line voltage are greatly increased, and the waveform is severely distorted [18] . Aiming at the disadvantage of serious distortion of output voltage waveform at low voltage output, literature [19] uses two smaller input line voltages to synthesize the output voltage, and the low-voltage output performance is improved, but its maximum voltage gain is only 0.5. To overcome the shortcomings of traditional two-line voltage modulation strategy, this paper proposes a modulation strategy to improve the output performance of MC. The new strategy not only improves the output performance of the converter, but also achieves a maximum voltage gain of 0.866. Its main features are: in a sampling period, when the output voltage is high, the maximum output line voltage is formed by three input line voltage pulse waveform, and the other two-phase output line voltages are formed by non-maximum two-input line voltage pulse waves and zero voltage. Under the same conditions, the number of narrow pulses is less than that of the traditional twovoltage synthesis modulation strategy. When the output voltage is low, the three-output line voltage is formed by the nonmaximum two-input line voltage pulse waves and zero voltage. Compared with the traditional two-line voltage synthesis modulation strategy, the number of narrow pulses is greatly reduced, the harmonic of output voltage is greatly suppressed, and the output performance of the converter is improved. The correctness of the new modulation strategy is verified by simulation and experiment. 
II. PrIncIPle of new ModulatIon strategy

A. Proposal of New Modulation Strategy
For ease of analysis, the following equations and variables are defined:
Maximum, middle and minimum input phase voltage:
Corresponding input phase voltage e max , e mid , e min , the current is i i(max) , i i(mid) , i i(min) .
Maximum, middle and minimum input line voltage:
(2) e base is the phase voltage with the maximum absolute value in the input phase voltage.
Maximum, middle and minimum output phase voltage:
v base is the phase voltage with the maximum absolute value in the output phase voltage.
The modulation time of 9 switches of matrix converter and the corresponding modulation coefficient should satisfy the following relationship: T S is the sampling period. In order to facilitate the understanding of the principle and characteristics of the new modulation strategy, a comparative analysis is made with the traditional two-line voltage synthesis method. The output reference phase voltage and the input phase voltage are divided into sections as shown in Fig. 2 . Taking i i(mid) < 0 , the input phase voltage and the output reference phase voltage are both in 2 sections as examples. In the traditional two-line voltage synthesis modulation strategy, the switching mode of synthesizing three output line voltage and the output line voltage waveform are shown in Fig. 3 . As can be seen from Fig. 3 , the maximum phase of the output phase voltage is always connected with the maximum phase of the input phase voltage during a sampling period, and the six switches connected with the other two phases are pulse width modulated. The large and medium phases of the output line voltage are synthesized by the large and medium phases of the input line voltage. Thus, there are two zero voltage and maximum input line voltage sections in the line voltage waveform, and there are larger harmonics, and only the small phases of the output voltage are synthesized by the medium and small phases of the input line voltage [20] , [21] . In addition, when the output voltage is low, due to the existence of a large number of narrow pulses, the harmonics in the output line voltage are greatly increased, and the waveform is seriously distorted, which affects the output performance of matrix converter. Fig. 4 shows the switching mode and output voltage waveform of the new modulation strategy. In a sampling period, the maximum value of reference output phase voltage is only connected with the maximum and middle value of input phase voltage, the minimum value of reference output phase voltage is only connected with the middle and minimum value of input voltage, and the middle value of reference output phase voltage is connected with the maximum, middle and minimum value of input phase voltage [22] . It can be seen that the maximum output line voltage is composed of three-input line voltage pulse wave at high output voltage, while the other two-phase output voltage is composed of non-maximum two-input line voltage pulse and zero-voltage [23] . Compared with the traditional two-voltage synthesis strategy, the output voltage harmonics strategy is reduced. When the output voltage is low, the three-output line voltage is composed of two nonmaximum input line voltage pulses and zero voltage. Under the same low-voltage output, the number of narrow pulses is greatly reduced compared with the traditional two-line voltage synthesis strategy, and the output performance of matrix converter is greatly improved.
B. Modulation Strategy Implementation
In order to simultaneously satisfy the sinusoidal input current and output voltage, the modulation time of each switch of matrix converter in a period can be obtained from the relationship between input current and output voltage. Taking the switching mode of Fig. 4 (b) as an example, the modulation time of each switch of the matrix converter in one cycle is derived. From the switching mode of Fig. 4(b) , the equation between three-phase input current and output current, output line voltage and input line voltage can be obtained as follows: 
To ensure that the input current is a sinusoidal quantity, formula (6) has: 
Bringing the formula (9) into the third formula of the formula (7) S v
From equations (9) and (10):
According to formulas (8), (10), (11):
From the second formula of equations (12) and (7):
According to the switching mode diagram of Fig. 4(b) , the modulation time of three switches connected with the output maximum phase voltage can be obtained as follows:
The modulation time of the three switches connected to the output intermediate phase voltage is:
The modulation time of the three switches connected to the output minimum phase voltage is:
Similarly, the switching time of each switch of matrix converter can also be calculated according to the switching mode of Fig. 4(a) , which is exactly the same as the switching mode of Fig. 4(b) .
In the case of balanced input, because the maximum value of Δv max is formula V om , the maximum value of e max is E im in formula e 2 max + e 2 mid + e 2 min = · E 2 im , and the expression of T ua by equation (15) has
It can be seen that the maximum voltage gain of the modulation strategy is / 2 . The adjustment range of power factor angle φ * is: -π/6 ≤ φ * ≤ π/6.
III. sIMulatIon and exPerIMent
To verify the feasibility and correctness of the proposed modulation strategy, a prototype experimental platform based on dSPACE as the main controller is designed. The dSPACE used in this experiment is a single processing system with Table I .
In order to compare with the traditional two-line voltage synthesis modulation strategy, the data of the traditional twoline voltage synthesis and the proposed new modulation strategy under the same simulation parameters are given, as shown in Table II . The number of narrow pulses in the table is the count value in 0.02 s. The simulation and experiment adopt three-step commutation based on output current, and the commutation is realized by staflow in MATLAB. The width of narrow pulses removed is 5 us. From the statistics in Table II , it can be seen that when the output voltage frequency is constant, the distortion rate and the number of narrow pulses of the new modulation strategy are obviously smaller than those of the traditional modulation strategy. Especially when the output voltage is low, the difference is obvious, which indicates the correctness of the theoretical analysis. It can be seen that the new modulation strategy reduces the harmonic of the output voltage and improves the output performance of the converter. Fig. 5 show the experimental waveforms under traditional modulation strategies. Fig. 6 and Fig. 7 show the experimental waveforms new modulation strategy when the desired output voltage amplitude is 70 V, 32 V, and the frequency is 80 Hz. From the experimental waveforms of Figs. 5 and 6. Under the traditional modulation strategy, when the output voltage frequency is 80 Hz and the amplitude is 70 V, the THD value of the output current is 3.5%. Under the new modulation strategy, the THD value of the output current is 2.4%, it is lower than the THD measured under traditional modulation strategies, which is basically consistent with the simulation analysis. From the output line voltage PWM waveforms of Fig. 6(c) and Fig.7(c) , it can be seen that when the reference output phase voltage amplitude is large, the maximum output line voltage phase is formed by three-input line voltage pulses, and no zero vector is used. When the reference output phase voltage amplitude is low, the three-output line voltages are formed by non-maximum two-input line voltage pulses and zero voltage. Consistent with the theoretical analysis mentioned above, the harmonic of output voltage is greatly suppressed. Fig. 8 shows the relevant experimental waveforms when the desired output voltage amplitude is 70 V/30 Hz and the input power factor angles φ * = 0 and φ * = π/6. From the input current and voltage waveforms in Fig. 8(b) , it can be seen that due to the influence of the capacitance in the input filter, although the desired input power factor angle is φ * = 0, the input current lag voltage is about 24°. Fig. 8(d) is a waveform of input current and voltage at the expected input power factor angle of φ * = π/6. After offsetting the phase shift caused by the input filter, the phase difference of input current and voltage is about 6°. Fig. 9 is an experimental waveform of common-mode voltage at load neutral point of traditional two-line voltage and proposed modulation strategy when the expected output voltage is 32 V/30 Hz and the input power factor angle is φ * = 0. It can be seen from the waveform diagram that compared with the traditional two-line voltage strategy, the common mode voltage of the proposed modulation strategy load neutral point is suppressed. The reason is that the zero vector used in the new modulation strategy is the intermediate phase of the input voltage, while the zero vector used in the traditional two-line voltage strategy is the maximum value of the input voltage.
Iv. conclusIons
The simulation and experimental results show that the proposed modulation strategy improves the quality of output voltage under the same conditions compared with the traditional two-line voltage synthesis modulation strategy by changing the switching mode. Especially at low voltage output, the harmonic of output voltage is greatly suppressed, and the output performance of matrix converter is greatly improved. The zero vector used in the modulation process is the intermediate phase of input phase voltage, and the common mode voltage of load neutral point is suppressed. It can be seen that the new modulation strategy can achieve continuous control of high and low output voltage. While controlling the output voltage and input power factor, it reduces the output voltage harmonics and improves the output performance of matrix converter. Xin Ren is a master student from the School of Electrical Engineering and Automation, Henan Polytechnic University. His research interests include power electronics systems and automatic control.
